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The invention of the spark-ignited internal combustion engine provided a market for a petroleum middle distillate, gasoline, about 100 years ago. The internal combustion engine and gasoline have co-evolved until motor vehicles now annually consume about 110 billion gallons of gasoline in the United States. Continuing air pollution problems and resulting regulatory pressures are driving the need for further automotive emissions reductions. Engine and emissions control technology provided most earlier reductions. Changing the composition of gasoline will play a major role in the next round of reductions. The engineering and regulatory definition of a reformulated gasoline is proceeding rapidly, largely as the result of an auto and oil industry cooperative data generation program. It is likely that this new, reformulated gasoline will be introduced in high-ozone regions of the United States in the mid-1990s. Alternative clean fuels, primarily methane, methanol, and liquid petroleum gas, will become more widely used during this same period, probably first in fleet operations.
Historical Background
The commercial development of petroleum during the last half of the nineteenth century was motivated by the need for an inexpensive substitute for whale oil. Distillation of crude petroleum to produce kerosene for use as lamp oil left several byproducts for which there was no market, among them gasoline. This distillate proved better suited than kerosene for use in the then-developing sparkignited internal combustion engine. The internal combustion engine thereby provided a second market for petroleum products and soon outstripped the demand for lamp oil. The internal combustion engine and gasoline coevolved over the next 100 years, with primary emphasis on the improvement of power, efficiency, and drivability. Lead was added to gasoline in the 1930s to increase knock resistance, allowing higher compression ratios and greater efficiency.
The role of the automobile in air pollution was recognized in the 1950s, and the first emissions controls were initiated in the 1960s. These controls have focused primarily on the engine. They have revolutionized engine design, most notably through the introduction of computer control. The co-evolution of engine and fuel continued. Two important fuel modifications occurred: removal of lead from gasoline allowed use of catalytic after treatment, and reduction of gasoline vapor pressure assisted in the control of refueling and evaporative hydrocarbon emissions. ' The emissions controls introduced in the 1970s were refined in the 1980s. Most importantly, the 1980s provided time for the needed turnover of vehicles necessary to nearly eliminate precatalyst vehicles from the motor vehicle fleet. As we enter the 1990s, the disappointing reality is that we are far from attaining air quality standards, especially in urban areas, and motor vehicles remain a major part of the problem. Increasing numbers of motor vehicles, miles traveled, and in-use emissions that exceed regulatory expectations prevent the attainment of expected emissions reductions. An additional effort to reduce in-use motor vehicle emissions reductions is necessary. The co-evolution of engines and fuels is continuing, but now the fuel is the focus of attention.
Gasoline
Gasoline is a middle distillate of petroleum, containing C4 to about C12 hydrocarbons. Through catalytic and hydro cracking, modern refineries convert heavy distillates of petroleum into gasoline-blending components. Isomerization and reformation are employed to use light distillates as gasoline components. Practically all gasoline in the United States is made from petroleum. Tar sands, oil shale, and coal can be used as raw materials for gasoline, but they are not currently economically competitive with crude petroleum. Because of the extensive gasoline motor vehicle fleet and the gasoline production and distribution infrastructure, it is likely that gasoline will be the dominant motor vehicle fuel well into the next century, even as petroleum reserves are depleted. 'Alternative fuels under consideration include methanol, liquid petroleum gas, and natural gas.
Reformulated Gasoline
As now used, the term "reformulated gasoline" refers to gasoline blends designed to reduce emissions. That fuel composition affects emissions was known by early researchers and developers of vehicle emissions controls. Koehl et al. (3) review studies ofthe relations between fuel composition and emissions conducted over the past 30 years. Current interest is motivated, in part, by competition from clean alternative fuels such as alcohols, natural gas, and liquid petroleum gas.
Auto/Oil Program
Three domestic auto companies and fourteen petroleum companies established a cooperative testing and research program, the Auto/Oil Air Quality Improvement Research Program (AOP), to develop data on potential improvement in vehicle emissions and air quality from reformulated gasoline, other alternative fuels, and new automotive technology. Older (1983) (1984) (1985) , current (1989), and prototype vehicles are included. This $40-million program is by far the most comprehensive and systematic study of the combined effects of fuel parameters on motor vehicle emissions. The resulting extensive database, now about 160 milion entries, is publicly available.* Test results for a matrix of fuels, vehicles, and operating conditions include both exhaust and evaporative emissions data, including extensive hydrocarbon speciation (4-9).
Emissions Reductions
The AOP vehicle emissions data are based on Federal Test Procedure testing of a range of vehicles and fuels. ARCO used these data to guide its formulation of a reformulated fuel, EG-X ( Availability and issues such as vehicle range and safety also are of concern.
Natural gas, methanol, and LPG are receiving the greatest attention. Natural gas is the cleanest and most widely available. Vehicle Unburned gasoline can pass through the engine (for example, trapped in a crevice region) and catalyst (especially during cold start). Some of the exhaust hydrocarbon species therefore mimic the composition of the liquid fuel.
Pyrolysis products, which result from the high-temperature combustion environment and the catalytic reactor, can be species not present in the fuel. 1,3-Butadiene is an example of a hydrocarbon species found in the exhaust that is not present in the fuel. By monitoring the engine and tailpipe emissions composition, the role of the combustion and catalyst processes can be inferred. Such information, which is being generated by the AOP, is valuable to fuel, engine, and emission control designers.
Other Compounds
Aldehydes, carbon monoxide, oxides of nitrogen, and lead are also important exhaust emissions. Each is affected by the composition of the gasoline.
Aldehydes result from the partial oxidation of hydrocarbons or can be formed from oxygenated hydrocarbons contained in the fuel. Methanol and MTBE as fuel additives, for example, generally increase formaldehyde emissions. Ethanol and ethyl tert-butyl ether (ETBE) increase acetaldehyde emissions.
Carbon monoxide is an intermediate in the oxidation of hydrocarbons. The failure to fully convert carbon monoxide to carbon dioxide occurs primarily during cold start or results from an insufficiency of oxygen resulting from fuelrich operation. A troublesome recent observation is that some vehicles go into a fuel-rich operating mode during heavy acceleration.
Oxides of nitrogen from gasoline vehicles result from the thermal fixation of atmospheric nitrogen. The process depends strongly on peak temperature and mixture ratio. The effect of fuel composition on oxides of nitrogen emissions is complex and not fully understood.
Lead emissions are the direct result oflead added to fuel as an antiknock agent. Atmospheric and human lead levels have fallen dramatically with the introduction of unleaded gasoline and reduction of lead levels in leaded gasoline. With the complete elimination of lead from gasoline, this problem will be solved.
Conclusions
Gasoline and the spark-ignition engine have co-evolved over the past 100 years. Additional changes are occurring, driven by the need to reduce further motor vehicle emissions. Gasoline composition and auto emissions are closely related. The mechanism of this relation is often complex, but new data are yielding a better understanding. Reformulated gasoline results in reduced emissions, is being mandated by regulatory action, and should be introduced in the mid 1990s. This fuel will have a lower aromatic content (including specifically benzene), lower olefin content, an oxygenate additive, lower vapor pressure, reduced sulfur content, and reduced high-end (high molecular weight) content. Alternative "clean" fuels, primarily methane, methanol, and liquid petroleum gas, also can reduce emissions and are scheduled for introduction to fleet operations.
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